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Abstract—Nutrient imbalance occurs in a
recirculating aquaponic system due to constant
absorption of plants set on the growth bed. Biological
parameters nutrient solution system is usually affected
by pH and electrical conductivity which are vital
to plant health, thus, necessary to be monitored and
controlled. To address this problem, the development
of an automated biological information control system
using fuzzy logic for smart aquaponics is deened
necessary. This system is composed of two sections:
the design of nutrient solution control system and the
design of fuzzy logic that will control the solenoid valves
for fluid distribution based on the levels of pH and
electrical conductivity. Two valves mechanically control
the inflow of pond water and concentrated water that is
substantially fertilizer-dissolved water. The duration of
having the solenoid valve open is based on the triggered
membership function of the output of fuzzy controller.
The fuzzy inference engine used the combined Min-Max
and Mamdani methods. The centroid method was used
for defuzzification. The embedded fuzzy logic library
(eFLL) was deployed using Arduino microcontroller.
The designed mechanism provides suitable decisions
for the control system of aquaponics nutrient solution.
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[. INTRODUCTION

quaponics combines the science of aquaculture and

hydroponics which provides a higher sustainability
for the food production system [1]. It is an efficient
technique of growing plants in soilless environment. Plant
roots are submerged onto the flowing water with nutrients
suitable for their growth. However, over time, the level of
nutrients diminishes due to considerably continuous intake
of plants. This nutrient solution system employs the core
importance of aquaponics that may benefit or retard plant
growth. Putting off the inappropriate number of nutrient
limits the growth of plant. To improve high cultivation
rate, precise control of appropriate time and water nutrient
is necessary [2-3]. The different uptake rate of the plants
must be considered as well. During warm weather, plants
will take more water than the nutrient dissolved in the
water and use it for transpiration. This process makes use
of the excess water to evaporate and to cool down its own
biological body thereby resulting to more concentrated
nutrient solution.

Consequently, it is evident that modern approach like
artificial intelligence deals to further enhance an automated
control system. With automated water valve control system,
correct level of water nutrients will be maintained in the
system water flow.

The main objective of this study is to design an
automated nutrient solution control system, particularly
consisting of biological information of pH and electrical
conductivity. This will help maintain the suitable nutrient
level suitable for the plant being cultivated. Specifically, it
aims to design a nutrient solution control system composed
of solenoid water valves, water mixing tank and water
pump; and to design the fuzzy logic controller that will
regulate the amount of pond water and concentrated water
coming into the water mixing tank. This study focuses on
the use of fuzzy logic to regulate the suitable level of water
biological parameters of pH and electrical conductivity in
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a nutrient mixture tank. The input parameters of the control
system are pH and electrical conductivity levels. Meanwhile,
the output of the system is the control of solenoid valves of
pond water and concentrated water that are set as inflow to
the nutrient mixture tank.

_ Vi(ECf—ECi)

_ +
pH = —LOG[HT]V, £ EC,

II. METHODOLOGY

The methodological framework of the system is shown
in Fig. 1 which consists of two phases, namely, design of
nutrient solution control system and design of fuzzy logic
controller.

Design of
nutrient Design of fuzzy
solution control [P logic controller
system

Fig. 1. Methodological framework of the control system

A. Nutrient Solution Control System

The design of nutrient solution control system deals with
the realization of hierarchy of the system and design of its
control process.

Based on Fig. 2, the hierarchical approach of the study
is classified into two, namely, biological information and
controller. Biological information is subdivided into pH and
EC as its measured parameters. Each parameter has three
indicating levels. The controller classification is proceeded
by water valves as its output indicator.
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Fig. 2. Hierarchy of nutrient solution control system

Based on Fig. 3, the nutrient solution control system used
solenoid valves (Valve 1 and Valve 2) for regulating the flow
of pond water and concentrated water into the water mixing
tank. When the plants set on the growth bed consumes
nutrient water, the pH and EC level changes resulting to
nutrient imbalance in the nutrient solution. The changing
value of these biological parameters is due to the varying
absorption of plants that is also affected by the weather.
The nutrient system is controlled by the level of pH and EC
parameters and the opening and closing of solenoid valves.

Pond CO“C?' Plant
trate
Water water growth
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Valve 1 Valve 2
Water

pump
Water Mixing Tank

Fig. 3. Design of nutrient solution control system

B. Fuzzy Logic Controller

The design of fuzzy logic controller deals with linguistic
fuzzy rules used to decide the intended control based on
crisp inputs. Fuzzy logic system is an expert system that
maps out crisp inputs. It is used to simulate knowledge by
using a reason on human circumstances. The fuzzy logic
implementation to control the solenoid valves of pond water
and concentrated water tank is depicted in Fig. 4 with three
major sections, namely, fuzzification, fuzzy rule-based
evaluation and inference engine, and defuzzification.

Sensor data

L | . .
acquisition | Fuzzification

v

Inference
Engine

v

Defuzzification

Valve control
mechanism

Fig. 4. Nutrient solution control system using fuzzy logic

The first step in fuzzy logic system is to determine
the parameters involved in the process and define its
fuzzification function. The crisp inputs include pH and EC
concentrations on the nutrient mixture tank. The crisp output
includes control of solenoid valves. The fuzzy sets using
linguistic variables and term members are defined hereunder.
Valve 1 relates to tank containing pond water and valve 2
to concentrated water.
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phLevel (ph) = {low, normal, high}
ecLevel (ec) = {low, normal, high}
valvelControl (vlc) = {short, average, long}
valve2Control (v2c) = {short, average, long}

The second step was fuzzification which performs the
mapping procedure to yield membership level. It estimated
the membership value of fuzzy functions for input and output
variables. Membership functions have features such as core,
support and boundary that is mathematically defined in Eq.
2, 3 and 4 respectively. The core of a membership function
in any fuzzy set, A consists of all the elements of y that is
technically 1. The support of a membership function is
characterized by nonzero membership. The boundary of the
membership function is characterized by incomplete nonzero
membership in the whole membership set.

wa(y) =1 (2)
i) >0 (3)
1> pz(y) >0 )

Fuzzification has two methods, namely, support
fuzzification (s-fuzzification) method that is defined by Eq.
5; and the grade fuzzification (g-fuzzification) method which
employs the inverse of s-fuzzification. The s-fuzzification
was employed in this study.

A= :u-lQ(xl) + ot .unQ(xn)

In Eq. 5, O(x,) is the kernel of fuzzification. The
s-fuzzification emphasizes constant and the transformation
of x_to a fuzzy set.

The pH (x) parameter consists of three linguistic
values, namely, low, normal and high, describing the acidic
concentration of water in the nutrient mixture tank. Its
membership functions are represented by mix of trapezoidal
and triangular functions that are shown in Figure 5. The low,
normal, and high membership functions for pH have degree
of membership ranges of 0 to 6.0, 6.0 to 6.5 ppm and 6.6
to 14, respectively.
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Fig. 5. Membership functions for pH

The value degree of memberships for pH input parameter
are shown in Eq.6, 7 and 8.
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The electrical conductivity (y) parameter consists of
three linguistic values, namely, low, normal, and high,
describing the electrical conductivity level of nutrient
solution in the mixture tank. Its membership functions were
represented by combination of trapezoidal and triangular
functions that are shown in Fig. 6. The low, normal, and high
membership functions for EC have degree of membership
ranges of 0 to 0.8 mS/cm, 0.8 to 1.2 mS/cm and over 1.2
mS/cm, respectively.
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Fig. 6. Membership functions for EC

The value degree of memberships for EC input parameter
are shown in Eq. 9, 10 and 11.
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The outputs of fuzzy logic controller are valvelControl
and valve2Control (z) which consists of three linguistic
values, namely, short, average and long, describing the time
duration in minutes of solenoid valves in open state. The
membership functions for vel and ve2 were represented by
triangular functions as shown in Figure 7. The short, average
and long duration membership functions for solenoid valves
1 and 2 control have degree of membership ranges of 0 to
1 minute, 0.75 minute to 1.25 minute, 1.25 to 1.75 minute,
respectively.
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Fig. 7. Membership functions for the output solenoid valves 1

and 2 control

The value degree of memberships for vlc and v2c output
parameters are shown in Eq. 12, 13 and 14.
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The third step was the employment of fuzzy inference
system which dealt with the construction of linguistic rules
that provides solution variable to each fuzzy rule as shown
in Table 1. It has two different inputs, pH and EC, and has
three membership degrees resulting to nine possible outputs.
Table 1 defines the IF-THEN principle of fuzzy logic rules
using the AND operator for both inputs and outputs. Rule 1
states that IF pH is Low AND EC is low, THEN Valvel is
Long AND Valve2 is Long.

The hybrid Max-Min and Mamdani technique was
employed in this study in determining the value of each
fuzzy rule based on combining the fuzzy rule strength with
the output membership function. The resulting Mamdani
inference system, x", is defined by Eq. 15.

0 e
xt =28 (15)
n

TABLE 1
Fuzzy RULES FOR NUTRIENT SOLUTION CONTROL SYSTEM

Rule If Then
pH EC Valvel Valve2
1 Low Low Long Long
2 Low Normal Long Average
3 Low High Long Short
4 Normal Low Average Long
5 Normal Normal Average Average
6 Normal High Average Short
7 High Low Short Long
8 High Normal Short Average
9 High High Short Short

The fourth step was defuzzification which translates the
fuzzy set results of fuzzy inference engine into crisp values.
The centroid method defined by Eq. 16 was employed.

= J a0 - xdx (16)

— J () - dx
;I@I
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Fig. 8. Simulink diagram for pH and EC based nutrient solution
control system

Fig. 8 shows the summing step in testing the developed
fuzzy logic controller with pH and EC crisp inputs and valve
controls as outputs. The pH value was generated using a sine
wave generator with amplitude of 14, bias of 7 and frequency
of 1 rad/sec. The EC value was generated using a sine wave
with amplitude of 10, bias of 5 and frequency of 5 rad/sec.
These two inputs were set into multiplexer then to the fuzzy
logic controller for valve control. A demultiplexer was used
to split the output into two, one for each valve.

III. RESULTS AND DISCUSSION

A. Water Sources for Nutrient Solution System

Plants intake nutrients from nutrient-dissolved water.
There are thirteen recorded mineral nutrients that is
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collectively set for plant growth which comes from
water sources. These mineral nutrients are classified
into macronutrients and micronutrients. The latter one is
considered essential for plant growth consisting of boron,
copper, iron, chloride, manganese, molybdenum and zinc.
These nutrients are present in differing concentrations
in water sources such as ground water, pond water and
concentrated water [4].

Ground water is a reliable source of water as it comes
from cracks between rocks, and spaces in the bodies of
soil bed. Globally, 60 % of ground water is utilized in
irrigation system [5-6]. Pond water, technically, comes
from naturally or artificially constructed water basin area
that is different from river because it has no moving water
init. Ponds promotes biota cultivation. Fish effluents serve
as organic fertilizer for plants in recirculating system. It is
rich in macronutrients such as compounds of nitrogen and
phosphorus that is required for good plant health. The pond
water used in a recirculating aquaponics system loses its
nutrients after the plants have naturally filtered it [7]. With
pond water, the hydroponics-prone plant disease called
pythium which rots the root of plants is eliminated because of
the participation of microbes. These microbes are nitrifying
bacteria responsible for converting fish effluents into organic
plant fertilizer that provides no harm to water-submerged
plant roots [8]. Concentrated water is substantially nutrient-
dissolved water by applying natural and synthetic fertilizers.
Subsequently, the property of water is constantly changing
due to external altering factors of weather and biotic actions.
Addition of fertilizer will enhance the balance of nutrient
dissolved in the water. As with soil cultivation, aquaponics
can also be damaged by over fertilization resulting to burning
of roots and nutrient imbalances [4].

B. Biological Information of Water

Stressor, exposure and response indicators are the basis
of measurement of the U.S. Environmental Protection
Agency pursuing the Environmental Monitoring and
Assessment Program in understanding the biological,
radiological, and physical information of water. Biological
information constitutes dissolved oxygen, ammonia,
nitrogen, potential of hydrogen (pH), electrical conductivity
(EC), and heavy metals [9]. Any water sources in irrigation
system can be easily characterized by measuring its pH and
EC. These parameters can vary significantly due to climate
change, bedrock settlement, and biota from which plants
are included [10].

The pH information expresses the hydrogen ion
concentration or acidity of water and is defined by Eq. 1
with brackets symbolizing as concentration. Higher [H+]
and lower [H+] corresponds low and high pH respectively.

pH = —log[H"] (1)

The EC information expresses the ability of water to
conduct electricity through it with strength based on the
dissolved materials on it. The unit that corresponds to EC
is Siemens per unit area. The higher the dissolved materials,
particularly of salts that belongs to ionic species, in an
aqueous solution resembles higher ion concentration, thus,
higher EC level. The level of EC can verify if the nutrient
solution lost its nutrients. If it measures high value, it means
that additional water must be added to level the original
value. Mathematically, EC is defined by Eq. 2 as the ratio
of current density, J, and electric field intensity, e. It is also
inversely proportional with resistivity, r.

J_ 1
S=eT T )

The suitable values of pH and EC for lettuce is 6.0 to 6.5
and 0.8 to 1.2 [11-12]. The required pH level for lettuce is
the same with cauliflower and broccoli and is significantly
higher than tomato and carrot. The required EC level for
lettuce is comparably lower than cauliflower, cabbage,
broccoli, carrot, cucumber and tomato.

C. Nutrient Solution System

Aquaponics system solely rely in water flow system in
providing food for plants. It supplies nutrients and minerals
in the flowing water source. Management of water quality
is of objective to provide suitable nutrients for plants.
Enhancement of poor water quality, specifically ground
water, must be implemented [13]. Salinity, dissolved solids
and pathogens are present in untreated water which must
be eliminated and balanced out accordingly. For intolerant
plants such as lettuce, high level of iron and sodium can
cause iron scale. In that case, mixing of different aqueous
medium is critical.

An automated scheduling for water source with flow
control system using Arduino and DS3231 real time clock
was developed to solve water shortage and optimize ground
water and pond water sources. Fertigation system was also
implemented. The fertigation system injects fertilizer-
dissolved water to the system once a week when ground
water and pond water valves are close. Ground water valve
is open four times a week when pond water and fertigation
system is close. Pond water valve is open twice a week when
all other valves are close [4].

A control system for hydroponics nutrient solution was
made using Protégé software. It has web-based functions
that employs the principal response capability of the
web ontology language (OWL) and resource description
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framework (RDF). The parameters EC, pH, intensity of
solution and plant species are set as inputs for decisions in
control. The flow of two solutions contained in tanks A and
B are controlled by opening and closing the valves based
on the ontological relation of tools and system variables
[3]. The volume of concentrated nutrient solution (V) used
to increase the level of EC in the nutrient solution tank is
mathematically defined by Eq. 3. The parameters V, is the
volume of the system nutrient solution before the addition
of ¥, EC is the EC value of the concentrated solution to
be added into the nutrient solution, E£C, is the EC value of
the nutrient solution before the addition of ¥, and ECf is
the EC value of the nutrient solution after the addition of V.
Vi(ECF—EC;
= ()

Fuzzy logic control was employed in several studies
including the control of solution valve in ebb and flow
hydroponics system based on temperature and moisture
parameters [14-15]; control of four tanks of alkaline
solutions, acid solutions, mixture of alkaline and acid
solutions, and fertimix based on proportional small-scale
process [16-18]; control of heater and solution tank valve
based on temperature and pH level of water with wireless
data login [19]; and system control based on pH, electro
conductivity and water temperature with remote monitoring
[20]. Automated pH controller system for deep water culture
(DWC) hydroponic cultivation was made by adjusting the
pH solution valve. This technique automatically increases
and decreases the pH level of water by a factor of 0.58 and
1.15 respectively [21].

However, estimation of pH and EC, and automatic control
system for same biological parameters were materialized
using linear regression algorithm. Three variables were used,
namely, EC or pH for input, nutrient solution or nitric acid
for control process, and target as output [22-23].

Shown in Fig. 9 to 12 are the curves obtained using fuzzy
logic-based nutrient solution valve control system. There is
transition for pH with level 5 to 6.5 in Valvel from 1.5 to 0.5
minute at open state. The duration of Valve2 increases from
0.5 to 1 minute in pH value of 5 to 6 and decreases from 1
to 0.5 minute in pH value of 6 to 7. The duration of Valvel
in open state decreases from 1 to 0.5 minute for EC level
of 0 to 0.8. It remains in 0.5-minute level for any increase
in EC. Valve2 operates in 1 to 1.5 minute-duration for EC
levels of 0 to 0.8 and decreases from 1.5 to 0.5 minute for
EC levels of 0.8 to 1.2.

Fig. 10. Valve2 state based on pH and EC inputs
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Fig. 11. Valvel and Valve2 states based on pH and EC inputs
(y-axis)

Fig. 11 shows the input pH and EC parameters set using
sine wave. It corresponds the combination of possible
values of the crisp input. For time step 1.5, the pH level
is at maximum 14 and the EC level is 9. These levels are
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coequal to High AND High linguistic variables. Based on
Fig. 12, on time step 0.5, both values of valvel and valve2
are set on 1-minute or Short duration. For time step 3.2,
the pH level is 6.5 and EC level is 4, which corresponds to
Normal AND High linguistic variables. The corresponding
duration of valves 1 and 2 are set both in Average duration
of 1 minute. For time step 4, the pH is 2 and EC is 9, which
are Low AND High on its linguistic form. Valves 1 and 2 are
controlled in 1.5 and 0.5 minute-durations, respectively, as
designed with linguistic variables of Long AND Short. For
time step 4.7, both pH and EC are considerably 0 or Low
level. The corresponding crisp output is both 1.5 minute or
Long linguistic variable.
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Fig. 13. Actual pipe connections

Fig. 13 shows the actual connection of water pipes
used in nutrient solution control for hydroponics chamber
of the aquaponics system. One-way valves were inserted
in the connection to assure that there will be only one flow
of fluid in a specific direction when the solenoid valves of
fluid sources namely, pond water and concentrated water

were open. Solenoid valves were controlled using Arduino
microcontroller with embedded fuzzy logic library (eFLL).

IV. CONCLUSION AND RECOMMENDATION

This study introduced an expert system for providing
a fuzzy classification approach in controlling the valves of
pond water and concentrated water tanks for regulating the
level of pH and EC in nutrient mixture tank. Through fuzzy
logic, the designed intelligent system was able to decide
what duration will be set on output solenoid valves as to
its open state. In this manner, the suitable nutrient balance
was maintained that is necessary for healthy plant growth.

The designed fuzzy logic controller was implemented in
a smart farm cultivating lettuce. For further research related
to this study, addition of solution tank containing pure water
may be considered.
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